Segregation of genes specifying nutritional requirements and inhibitor resistance was analyzed in recombinants from crosses of Nocardia erythropolis with N. canicruria. With all employed characters as both selecting and nonselecting markers, a single linear linkage group was depicted with genes in the following order; leu-6 gly-4 purB2 tetA9 his-i eryA7 strB2 ser-J arg-1. The relative frequency of crossovers between gene pairs was found to decrease as the map is read from leu-6 to the right. The phenotype for arg-l was found infrequently in recombinants. This fact, coupled with the observed decrease in crossover frequency dependent upon map position, suggested two alternative explanations to account for the observed results. (i) Zygote formation among these nocardiae is a consequence of partial, oriented chromosome transfer from N. erythropolis to N. canicruria and is similar to the mechanism of polar transfer reported in matings of Hfr by F Escherichia coli. (ii) Being of diverse origin, the chromosomes of N. erythropolis and N. canicruria are not completely homologous, and decrease in crossover frequency dependent upon map position results from such chromosomal heterology. In this hypothesis, the infrequent occurrence of arg-J among recombinants is considered to be an artifact resulting from the action of a previously unrecognized suppressor gene for arg-J present in N. canicruria.
Segregation of genes specifying nutritional requirements and inhibitor resistance was analyzed in recombinants from crosses of Nocardia erythropolis with N. canicruria. With all employed characters as both selecting and nonselecting markers, a single linear linkage group was depicted with genes in the following order; leu-6 gly-4 purB2 tetA9 his-i eryA7 strB2 ser-J arg-1. The relative frequency of crossovers between gene pairs was found to decrease as the map is read from leu-6 to the right. The phenotype for arg-l was found infrequently in recombinants. This fact, coupled with the observed decrease in crossover frequency dependent upon map position, suggested two alternative explanations to account for the observed results. (i) Zygote formation among these nocardiae is a consequence of partial, oriented chromosome transfer from N. erythropolis to N. canicruria and is similar to the mechanism of polar transfer reported in matings of Hfr by F Escherichia coli. (ii) Being of diverse origin, the chromosomes of N. erythropolis and N. canicruria are not completely homologous, and decrease in crossover frequency dependent upon map position results from such chromosomal heterology. In this hypothesis, the infrequent occurrence of arg-J among recombinants is considered to be an artifact resulting from the action of a previously unrecognized suppressor gene for arg-J present in N. canicruria.
As a result of recent examinations of the nocardiae, some aspects of their genetic makeup and their means for transmitting genetic information from parent to progeny have been specified (1, 2, 5) . The nocardiae, like both Escherichia coli and Streptomyces coelicolor, appear to be functionally haploid. Our 
continuing observations
have not yet shown nocardial genes to be circularly permutated on the linkage group. However, apparent differences in the topology of the Nocardia erythropolis and N. canicruria chromosomes have been noted (5) , and mating types, which did not appear to involve episomes (1, 2), have been described. Thus, although the hereditary mechanisms of these organisms are by no means completely understood at present, the nocardiae appear to be genetically dissimilar in some aspects to the eubacteria and the streptomycetes.
In this investigation, the segregation phenomena and linkage previously noted among these nocardiae were substantiated, and additional information concerning the nocardial chromosome is reported. Because of the existence of mating factor control of fertility (1, 2) in the nocardiae, it is quite time consuming to synthesize fertile strains with appropriate markers in various configurations of coupling and repulsion. Thus, a simplified determination of linkage and segregation, by use of such classic genetic methodology which enables one to observe the behavior of the nocardial chromosome, is not easily available. To overcome this difficulty, strains with a variety of unselecting inhibitor resistance markers (5) were developed. The subsequent addition of auxotrophic genes to these strains and the determination of segregation of resistance and auxotrophic markers in crosses of the initial mutants and their successive derivatives allowed the analysis of markers in alternative phases of coupling or of repulsion. These techniques were used in the present study and it was established that the nocardiae are among those bacteria which exhibit conjugational phenomena. Features of nocardial recombinational behavior which appear to exclude a portion of the N. erythropolis genome from recombinants were also recognized.
MATERIALS AND METHODS
Strains used. The strains of N. erythropolis and N. canicruria used in these investigations and their genotypes and phenotypes are listed in Table 1 .
GENE EXCLUSION IN NOCARDIAL MATING
Mutants derived from N. erythropolis JA-SD 2 and mutant JA-SD 3-64 were induced with ultraviolet irradiation (1, 2) . JA-SD 3-63 was obtained after treatment of JA-SD 3-48 with N-methyl-N'-nitro-Nnitrosoguanidine (Aldrich Chemical Co., Milwaukee, Wis.) by use of a method like that reported for E. coli (4) . For easy recognition of strains derived in different laboratories, previously designated strain numbers (1, 5) are herein prefixed with "JA-SD"; all newly isolated strains from this laboratory will be so identified. Other strain codification is as previously reported (1, 5) and conforms to the recommendations of Demerec et al. (6) .
Mating. The standard mating procedure was carried out as follows. The parental types were grown on plates of Nutrient Broth (Difco), solidified with 1.5% (w/v) agar, for 2 or 3 days. Suspensions of these strains containing ca. 5 X 108 cells/nil were prepared in sterile saline. Three sets of nutrient agar (NAg) plates were prepared. One set was inoculated with 0.1 ml of the N. erythropolis parental type, the second set was inoculated with 0.1 ml of the N. canicruria parental type, and the third set was inoculated with 0.2 ml of a 1:1 mixture of both parental types. The crosses and controls were incubated for 3 days. After incubation, saline suspensions containing ca. 5 X 108 cells/ml were prepared from each set. Sam 6 Descriptions of mutant loci, mutation sites, and relevant phenotypes are, insofar as possible, in conformity with the recommendations of Demerec et al. (6) .
c Symbols: +, synthesized; -, required: R, resistant; S, susceptible; Arg, arginine; Gly, glycine; His, histidine; Leu, leucine; Ser, serine; Pur, purine; Ery, erythromycin, 5 ,ug/ml; Str, streptomycin, 50 jug/ml; Tet, tetracycline, 3 ,ug/ml. though all recoverable phenotypes were used to calculate relative distances between genes, phenotypes other than the three major types were usually too infrequent to be significant for this preliminary mapping of his-l.
Since the placement of his-i appeared to be quite straightforward, the arg-i gene was successively incorporated into the his-i-containing strain in order to produce JA-SD 2-31. Ser-l was successively incorporated into this strain in order to produce JA-SD 2-83. The effect of these additional auxotrophic markers of N. erythropolis on segregation patterns of the unselected resistance characters in recombinants obtained from matings of these strains with JA-SD 3-48 are presented in Table 2 . The successive establishment of arg-i and ser-I in derivatives of N. erythropolis JA-SD 2-10 did not alter dramatically the pattern of segregation of the unselected resistance markers. Therefore, these additional auxotrophic genes can be considered to be distal to the three resistance loci and to his-i Table 3 . It is not possible to determine from these data only the proper ordering of the leu-6 and gly-4 markers, but the results from these matings further established the location of his-i recognized above.
Further confirmation of the mapping of his-i of N. erythropolis was obtained from experiments in which the His+ phenotype and a single inhibitor resistance marker were simultaneously selected and segregation of the remaining unselected resistance markers was determined. Contraselection for auxotrophic markers of N. After preliminary mapping of the loci in the preceding manner, the auxotrophic genes were used as nonselecting characters. By incorporation into the selective medium of only one of two or more nutrient requirements specified by the multiauxotrophic strains, genes determining auxotrophy could be treated as nonselecting markers. Therefore, we could compare mapping of these genes by nonselective means with mapping obtained by use of selective methods. The results of the mating of N. erythropolis JA-SD 2-31 with N. canicruria JA-SD 3-63 are shown in Table 5 . In this cross, four auxotrophic and three inhibitor resistance genes were available for analysis. The distribution of resistance phenotypes among the fully prototrophic recombinants from this cross was like the patterns observed in crosses of JA-SD 2-31 or JA-SD 3-63 with other strains, as presented in Tables 2, 3 , and 4. These data alone tended to substantiate the location of the leu-6, purB2, his-i, and arg-i loci. However, determination of the patterns of segregation among the resistance markers in relation to unselected auxotrophic phenotypes was the prime objective of these experiments. By use of media selecting for the four new pairwise combinations of parental auxotrophic characters, but not allowing recovery of parental diauxotrophs, about one half of the 72 theoretically recoverable phenotypes were observed. Many of these appeared in only one or two recombinants. For tabular clarity, only the most frequent phenotypes necessary for gene placement are specifically identified in Table 5 . When the auxotrophic genes were mapped by selective means, leu-6 and arg-i were placed at the ends of the chromosome, with purB2, his-i, and resistance genes located between them. Consequently, a single crossover in the mating of JA-SD 2-31 with JA-SD 3-63 should produce both Pur and His-recombinants of various resistance phenotypes. The largest proportion of auxotrophic phenotypes should be found on selective (Table 5 ). The average phenotypic ratios important to the ordering of the auxotrophic loci were calculated from the results from appropriate selective media (Table 5 ) and are as follows: Pur-to Pur+, 40: 1; His-Ery-S Str-S to His-Ery-R Str-R, 5:1; His to His+, 2.6:1. These ratios are in accord with the ordering of the linkage model in Table 5 . It is also apparent from the fluctuation of these ratios on specific media (e.g., compare Pur-to Pur+ on Pur-His medium with Pur-to Pure on Pur-Arg medium) that the addition of different nutritional supplements to the media established selective pressures.
A most significant finding from these data (Table 5 ) was the lack of the Arg-phenotype among recombinants. From the analysis of matings of JA-SD 2-10 with JA-SD 3-48, JA-SD 3-63, or JA-SD 3-64, two crossovers were postulated to account for the production of the Tet-R Ery-R Str-S phenotype noted in approximately 4% of the prototrophic recombinants from these crosses. The frequency of this class type among prototrophs from crosses of JA-SD 2-31 with JA-SD 3-63 was essentially identical. However, arg-i in strain JA-SD 2-31, derived from JA-SD 2-10, was mapped at the right of strB2+. Therefore, in matings of JA-SD 2-31 with JA-SD 3-63, a greater frequency of Tet-R Ery-R Str-S Arg7 progeny, compared with Tet-R Ery-R Str-S Arg+, should be recovered, since the former phenotype should result from only two crossovers whereas the latter should result from three crossovers. As shown in the results of Table 5 , the Arg-phenotype was not observed in these experiments. It is possible that arg-i was erroneously located in the linkage model of Table 5 . Consequently, Arg-recombinants should not be recovered in detectable frequencies. This does not seem likely. If arg-i were to the left of his-i, single crossovers should produce Arg-recombinants and arg-i should occur frequently. If arg-i were very closely linked to the left of his-i, then His-Ery-S Str-S recombinants should result from three crossovers and should occur infrequently., However, they were found to occur frequently: If arg-i were closely linked to the right of his-i, two crossovers would be necessary for the production of Arg-recombinants or His-Ery-S Str-S recombinants and if one is detected both should be detectable. Also, in this instance, His-Ery-R Str-R recombinants would result from single crossovers and the ratio of His-Ery-R Str-R to His-Ery-S Str-S should be high. However, this is the reverse of the observed results (Table 5) . None of these alternatives, therefore, is satisfactory for relocating the arg-i gene on the linkage model in Table 5 .
However, for any location of arg-i on the map, the detectable production of arg-l-containing recombinants would be a consequence. If, on the contrary, arg-i is not linked, a 1 to 1 ratio of arg-i+ to arg-i alleles should occur in recombinants. From these considerations, it must be concluded that arg-i is linked to the other genes but this allele is generally excluded from recombinants.
Further confirmation of the mapping of the auxotrophic markers in the order indicated in the models in Table 2 through 5 were sought. This was accomplished by adding (and then analyzing) a third auxotrophic gene to strains JA-SD 2-31 and JA-SD 3-63. The results of the addition of ser-i to JA-SD 2-31 in order to produce JA-SD 2-83 are shown in Table 6 . Recombinants resulting from the cross of JA-SD 2-83 with JA-SD 3-63 were selected on media supplemented with each one of the nutritional requirements of JA-SD 2-83, and the auxotrophic markers and resistance characters were scored. Thus, the most frequent auxotrophic phenotype could be determined directly. Ifthe previous linkage models were correct, his-i and purB2 should be the only genes expected to segregate with appreciable frequency. The additional auxotrophic gene could also be expected to affect segregation of unselecting resistance loci and to permit the ordering of the auxotrophic loci. His-phenotypes were the most frequent single auxotrophic phenotype recovered (Table 6 ). In the cross of JA-SD 2-31 with JA-SD 3-63, the ratio of His-Ery-S Str-S to His-Ery-R Str-R was 5:1; in the cross of JA-SD 2-83 with JA-SD 3-63, this ratio was 1:18. The addition of ser-J in JA-SD 2-83 inverted the frequency of the inhibitor phenotypes of His-recombinants. This result was fully consistent with the positioning of ser-i to the right of strB2+ between arg-i and his-l. Table 7 presents the effects of the addition of gly-4 to JA-SD in order to produce JA-SD 3-64. The significant result of the mating of JA-SD 2-31 with JA-SD 3-64 is the decrease in the Purc to Pur+ ratio among recombinants (7:1), as compared with the mating of JA-SD 2-31 with JA-SD 3-63 in which this ratio was 40:1. These data located gly-4 between leu-6 and purB2. Among the fully prototrophic recombinants observed in the crosses in Tables 6 and 7 , segregation of unselected inhibitor resistance markers was, in general, like that observed in crosses of JA-SD 2-10 with JA-SD 3-48. Thus, all data are consistent with the linkage models presented in Tables 2 through 7 .
With recovery fractions of unselected phenotypes from the data in Tables 2 through 7 , relative distances between loci were calculated (5) and a linkage map (Fig. 1) was constructed for the examined markers. Relative map distances are expressed as percentiles of the examined populations exhibiting crossovers in the postulated crossover regions. The major reference regions for map construction were between purB2 and his-I and the inhibitor resistance loci. 
DIscussioN
We previously reported (5) that the purB2 and resistance loci used in the present studies could be best mapped in a single linear linkage group. In the present studies, we examined segregation, and thus linkage, of these and additional genes specifying auxotrophy in matings of N. erythropolis with N. canicruria under conditions where all markers could be used to advantage as selecting and nonselecting characters. The most satisfactory map which could be constructed from the observed data was presented as a single, linear array (Fig. 1) . A circular map, like those typical of E. coli (10) , S. coelicolor (8) , and Salmonella typhimurium (9), did not appear to be superior for the interpretation of the segregation phenomena in these matings of the nocardiae. In most of these experiments, three or more loci were used as unselecting characters in a variety of selective conditions. Thus, apparent linkage of a pair of genes under one set of selective conditions and relative independence of the same gene pair under another set of selective conditions, behavior typifying circular linkage, could have been recognized. However, such behavior was not observed. As may be deduced from the experiments described here, the proposed linear linkage map was found to have good predictive value within the limits imposed by the selective medium pressures and the inherent difficulty in determining absolute map distances (1, 5) in these organisms. The observed relative distances were internally consistent in individual experiments and were reproducible from experiment to experiment. These considerations support the value of the map, and it is considered to be a reasonable depiction of the nocardial chromosome as it is presently understood. This map, of course, is subject to future modifica-J. BACTERIOL.-tion when further knowledge of nocardial hereditary phenomena is achieved.
Previously, it was hypothesized (1, 2, 5) that the following series of events occur in nocardial mating. A heterogenomic zygotic element was presumed to be formed between compatible pairs of N. erythropolis and N. canicruria. It was postulated that the total genome of both parents took part in the formation of the zygotic element. In this hypothesis, it was not necessary for the genomes to be complete homologues, and some evidence was presented indicating that they were not (5). After zygote formation, effective genomal pairing allowed production of new haploid combinations between disparate genomes and resultant segregants were selectable on appropriate media.
Two features of the present data demand reevaluation of the zygotic element, containing the total genome of both strains, postulated to account for nocardial recombination. The most striking feature is, of course, the apparent exclusion of the arg-i locus or, more generally, the exclusion of an unknown length of the N. erythropolis chromosome to the right of the his-i gene from recombinants. Another feature of special significance in the present report is the observed decrease in relative crossover frequency between genes as the map (Fig. 1) is read from left to right. Within the limits of an individual mating, random crossovers between loci appeared to account for observed segregation patterns among the selected recombinants. However, when all genes were relatively placed on the composite linkage map, a trend toward compulsory crossover in specified regions was observed. Two models may be presented to account for these observations.
On the one hand, the possibility exists that oriented chromosome transfer, similar to that observed in E. coli (7, 11) , occurs in nocardial conjugation. With such a model, it can be assumed that the polarity of transfer is from N. erythropolis to N. canicruria and that the origin of transfer is uniform in all mating pairs. These contentions are supported by the occurrence of uniform segregation and the high proportion of unselected N. canicruria alleles observed in nocardial recombinants. In these nocardiae, as in E. coli, it could be expected that partial transfer occurs as a result of random breaks in the donor chromosome during the transfer process. Under such conditions, at the termination of unit mating time, a population of partial zygotes would be formed in a nonsynchronously mating population. The total genome of N. canicruria would be present in the merozygote, but the N. erythropolis chromosomal contribution to the merozygote would be variable.
The farther a gene is located from the origin of transfer, the less likely that the chromosomal segment carrying that gene would be found in the merozygote. Therefore, the total number of merozygotes having genes located on segments near the origin of transfer would exceed the total number of merozygotes having genes located on chromosomal segments more distal to the origin of transfer. As a consequence, in segregation analysis of recombinants formed from such merozygotic elements, there would appear to be a greater frequency of crossovers occurring in some chromosomal regions than in others. There would appear to be a decreasing crossover frequency occurring from the origin of chromosomal transfer to the terminus. Such a series of events would produce a map like that presented in Fig. 1 . In such a model, the observed exclusion of arg-i, although not absolute, would occur simply as a result of the minimal probability of transfer of the marker most distal to the origin. Genomic exclusion would result from the transfer mechanisms and could be considered to be prezygotic as in the case of E. coli (11) .
A second model, however, can account equally as well for the reported results. In this model, a zygote consisting of the total genome of both organisms is formed. As a result of incomplete chromosome homology, the pairing process could be expected to occur in direct proportion to the length of the regions of greatest topological homology. Thus, a decrease in crossover frequency would occur from left to right on the linkage map ( Fig. 1) as a consequence of increase, in the same direction, of chromosomal heterology. Such heterology may well exist in these nocardial strains and may result from nothing more genetically complex than the occurrence of inversions and deletions, or both, during the evolution of these organisms which are of diverse origin (3). Apparent topological differences in the N. erythropolis and N. canicruria chromosomes were reported earlier (5) and support this contention. Should this model prove to be correct, the exclusion of arg-I would be more apparent than real and could be readily explained by the presence in N. canicruria of a suppressor gene for arg-i. If an arg-J suppressor (sup) is closely linked to his-I+, prototrophic recombinants, postulated to be produced as a result of two crossover events (e.g., the crosses of Table 2 and 3) , would be genotypically his-l+ sup arg-l+ and phenotypically Arg+. In matings of a strain in which arg-l was added to the right of his-i (Table 5) , recombinants would be formed as a consequence of the same two crossovers, with the production of the genotype his-l+ sup arg-i. This genotype would be phenotypically Arg+ and would be indistinguish-
